of NaOH treating (SiCN-0.5-NaOH) shows the best electrochemical performance. It exhibits a high initial specific deinteralation capacity of 1159.5 mAh g -1 and stable capacity of 900 mAh g -1 at 0.1 C current density (40 mA g -1 ), which is 8.1 times as large as untreated SiCN anode, and 3.1 times as large as the traditional graphite anode. In addition, SiCN-0.5-NaOH anode exhibits excellent high-rate performance. At 2C current density (800 mA g -1 ), the extracted capacity stables above 600 mAh g -1 , showing much greater performance than the traditional graphite anode. Transmission electron microscope (TEM),
Fourier transform infrared spectra (FTIR) and X-ray photoelectron spectrometer (XPS)
results show that nonconductive Si 3 N 4 was removed from SiCN matrix by the chemical reaction with NaOH solution. The morphology and structure measurements show its surface
Introduction
Lithium ion batteries, as one of the promising candidate for new energy storage devices, have received great attention in recent years because of the increasing energy consumption and environment concerns resulted from fossil fuel burning in our world [1] [2] [3] . There is an urgent need for new electrode materials to face up growing safety, capacity and high rate performances requirement in battery industry [4, 5] . Even though gained great success during the past decade, the current graphite anode is characterized by low capacity (372 mAh g -1 in theory and 340 mAh g -1 in practical use) and low kinetics at high charge-discharge rate, limiting its use in high energy and power density applications [6] .
As one of alternative anode materials, polymer-derived silicon carbonitrides (SiCN) have been studied in the middle of 1990s [7, 8] , and a rebirth of research boom is being spurred since 2006 [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . They are prepared by the controlled pyrolysis of inorganic-organic hybrid polymers containing Si, H, C and N in an inert atmosphere at relatively low temperatures [26] . They are featured as amorphous materials with carbon content dependent electrical conductivity, excellent thermal persistence, high strength, and oxidative and corrosive resistance [27] [28] [29] [30] . They are promising for safe use under extreme conditions. Lithium ion batteries with SiCN anode show enhanced reversible capacity (400-500 mAh g -1 ) and relatively electrochemical cycling stability as compared to conventional graphite-based anode [31] . As one of the novel silicon-based anodes, it has unique Si-C-N network structure, in which embed numerous lithiation sites from the dangling bonds of silicon, and the space between nano-sized graphene layers. All of them are beneficial to the insertion/exaction of the lithium ions [24] . 4 Despite the high first extracted capacity of SiCN in the range of 700-1000 mAh g -1 , the irreversible capacity at first cycle is large and the coulombic efficiency is low (about 40-50%), which maybe caused by its low electrical conductivity and the volume expansion during charge-discharge process [9, 10] . To resolve this issue, decreasing the non-conductive component and increasing carbon content in SiCN matrix are two feasible strategies. For the former, removing the non-conductive Si 3 N 4 phase -one of the three amorphous phases (Si 3 N 4 , SiC and graphite) in well-prepared SiCN matrix -is the efficient way to improve the integral conductivity of SiCN [30, 31] . For the latter, using carbon-rich polymer as the precursor will improve the carbon content in the final product of SiCN effectively [32] [33] .
Hence, in this paper, we focus on the preparation of micro-cracked SiCN materials without Si 3 N 4 phase by carbon-rich polymer precursor via chemical synthesis. In our previous research, we found that hydrofluoric acid can react with Si 3 N 4 phase by etching SiCN matrix, leading to enhanced capacity and cycle stability [25] . However, the hydrofluoric acid is toxic and harmful to the environment. To solve this problem, we employ sodium hydroxide solution instead of hydrofluoric acid, and design a nontoxic and facile chemical method to remove the Si 3 N 4 phase from the SiCN matrix. In addition, an extra benefit comes as an additional effect of micro voids and cracks is expected to form on the surface and bulk of SiCN material which will not only provide improved ion transport channels for the Li + intercalation/deintercalation, but also buffer the volume expansion during cycling. The SiCN materials without nonconductive phase Si 3 N 4 are expected to exhibit excellent electrochemical performances as anodes for lithium ion batteries. The thermal behavior of polymer precursor was analyzed by differential scanning calorimetry (DSC) as shown in Figure 1a . As indicated by the DSC curve, we can see the cross-linked SiCN polymer precursor, poly(diphenylcarbondiimide), started to decompose at 400 o C. From the DSC curve, the polymer has one exothermic peak at 400-700 o C, which corresponds to the decomposition of organic groups and carbon framework from the polymer precursor. After heating at 1000 o C, all SiCN polymer precursors are transformed into inorganic SiCN material.
To further investigate the polymer precursor to ceramic transformation and the NaOH 6 effect on the changes of internal bonds of SiCN, FTIR are employed as shown in Figure 1b .
Before pyrolysis, the SiCN precursor has many organic groups of -OH, N-H, Si-H, Si-CH=CH 2 , Si-CH 3 , -CH=CH 2 , Si-N, and Si-C. After pyrolysis, only Si-N and Si-C bonds appear in the SiCN matrix, the weak absorption for -OH bond is attributed to a small amount of absorbed water. Obviously, during the pyrolytic process, the polymer precursor was transferred into a ceramic, which involves breaking of above organic bonds, resulting in the absence or decrease of intensity with corresponding peaks in the FTIR spectrum of SiCN. After NaOH-treating, the Si-N bond is absent in Figure 1b , confirming the reaction completion.
In the XRD pattern of untreated SiCN material (Figure 1c The morphologies of the untreated SiCN and NaOH-treated SiCN materials were characterized by SEM with the images shown in Figure 2 . As shown in Figure 2a XPS analysis is employed to compare the element valences in SiCN before and after NaOH-treating. There is no evident Si-N peak observed for the treated SiCN material (SiCN-0.5-NaOH, Figure 4c ). However, an intense Si-C peak increase and a new Si-O peak Table 1 . By comparing the element contents before and after NaOH treatment, we can conclude that both oxygen and sodium contents were increased, while the silicon and nitrogen contents were decreased after the NaOH treatment, a possible explanation is the former is gained from NaOH and the latter is lost because of the Si 3 N 4 removal. In addition, the change of carbon content before and after NaOH-treating is not dramatically, which hints the carbon is unlikely be involved in the evaporated may not take part for the chemical reaction of NaOH with SiCN.
It is also interesting to compare the fitting C1s spectra (Figure 4b and 4d) . C=C or C-C, Si-C and C-O peaks are all exhibited in both treated and untreated spectra, however, the C-OH peak exists only after NaOH treating which implied the -OH from the NaOH solution during treating process is responsible for the -OH group in the final product.
From above TEM, FTIR and XPS analysis, it strongly suggests that the Si 3 N 4 phase is removed by NaOH. The reaction of Si 3 N 4 and NaOH in molecular level is schematically shown in Figure 5 . As a side effect of above reaction, there are a lot of voids lefts in the SiCN structure, 11 which is consistent with the SEM and TEM observation (Figure 2 and 3) . The surface pattern change has profound influence on the electrochemical behavior of the materials.
The micro-cracks which emerged into the surface of the NaOH-treated SiCN materials is instrumental in offering Li + conduct channels, and buffer the volume expansion simultaneously during the charge-discharge process. However, large cracks may bring structure damage during Li + intercalation/deintercalation. Therefore, appropriate size of cracks is a balance between the transportation and structure strength and is important for the electrochemical performance of anode material, which will be discuss in the following part of electrochemical measurements (Figure 6-10) . Figure 6 presents the cycling performance of SiCN and SiCN-0.5-NaOH anodes at the first cycle where the charge and discharge potential curves are plotted against capacity. As Figure 6 shows, the charge-discharge potential curves of both the SiCN and SiCN-0.5-NaOH anodes display gentle slopes demonstrating their amorphous structures, which are consistent with the XRD patterns in Figure 1c . The charge and discharge potential plateaus of untreated SiCN is short (Figure 6a ), which indicates low capacity, while the charge and discharge potential plateaus of SiCN-0.5-NaOH anode (Figure 6b ) are significantly longer than that of untreated SiCN, which manifests higher capacity. The discharge potential plateau for the SiCN-0.5-NaOH anode in the first cycle is about 1.7 V while no such plateau exhibits in the same range in the curve of SiCN anode, indicating there may be a unique phase transformation on the surface of NaOH-treated SiCN during discharge process. [34] . The results were fitted to an electrochemical model using ZView module from Sai software [24, 25] set. The fitting model is an equivalent circuit electrochemical model, which is depicted, in the inserted figure of Figure 10 . Rs at the high-frenquency intercept on the real axis represented bulk resistance depending on electrolyte solution, active material, and current collector and so on.
R1 at high frequency was the migration resistance of lithium ion through the SEI, while R2
at middle frequency was the charge transfer resistance in the anode-electrolyte interface, both arcs are associated with the interface between the electrolyte and the active particles [35, 36] . The constant phase element (CPE1 and CPE2) replaces the conventional double-layer and passivation film capacitance [37] . Table 2 There are three reasons for good electrochemical performance of NaOH-treated SiCN large volume changes, resulting in improved capacity and enhanced cycling stability; 3) the rich carbon which embeds in the SiCN matrix can not only offer more active sites for lithium ion storage, but also may make the material structure more stable than carbon-less material, forming a continuous network for the storage of lithium ions.
In this work, we conclude that detailed control over the characters of anode, the number of pores and cracks in SiCN matrix are important to improve the electrochemical performance. The pores and cracks can be easily adjusted by the pore-forming solution concentration and reaction time. Because the dependence of performance on crack number/size is monotonic, the detailed control over number of pores and cracks is helpful to adopt the most appropriate preparation conditions. The appropriate number and sizes of cracks can not only improve efficient Li + transfer but also promise a better structural stability of SiCN matrix during cycling.
The process of our NaOH-treating for SiCN materials involves no highly toxic chemical reagent and it is easy to operate for practical use. Compared with HF-treating for porous SiCN which we have done before [25] , our NaOH-treating is safer and more environmental-friendly, and even the electrochemical performance of NaOH-treating SiCN is better than HF-treating one. Therefore, our treating method for micro-cracked or porous SiCN materials can be generalized to other Si-based material anodes for the application of Li-ion batteries.
Experimental Section

Reagents and chemicals
Diphenyldichlorosilane and dichloromethylvinylsilane were purchased from Alfa-Asear 19 Corp., US and used without purification. Ethylenediamine (EDA), triethylamine (TEA), toluene, hydrofluoric acid, 2, 2-azo-bis-iso-butyronitrile (AIBN) and sodium hydroxide (NaOH) solid were purchased from Tianjin Kewei Corp., China. The water present in EDA, TDA, and toluene was removed by distillation prior to use. AIBN were used without purification.
Preparation of the polymer-derived SiCN
The polymer-derived SiCN material was prepared by pyrolyzing a poly(diphenylsilylcarbondiimide) precursor, which was synthesized by the aminolysis 
Material characterization
The structural morphologies of these NaOH-treated SiCN materials were characterized with a scanning electron microscopy system (SEM, FEI Nova Nano 230) with an 21 accelerating voltage of 15 kV and a transmission electron microscope system (TEM, FEI Tecnai G 2 F20, Philips, Eindhoven, the Netherlands) operating at 200 kV.
Thermogravimetric analyses (TGA) and Differential Scanning Calorimetry (DSC) were conducted under argon atmosphere with a TGA Q500 system (TA, US). Fourier transform infrared (FTIR) spectra were collected by a Nicolet IR200 automatic infrared spectrometer (Thermo, US) using the KBr pellet method. The X-ray powder diffraction patterns were recorded on a Rigaku D8A X-ray diffractometer (Bruker, Germany) and Cu Kα radiation (λ= 0.1540 nm) in the 2θ range of 10-80°. The XPS measurements were carried out with an X-ray photoelectron spectrometer (Thermo fisher) using a monochromatic Al Κα (1486.7
eV) source at a voltage of 15 kV and an emission current of 10 mA. Brunner-Emmet-Teller (BET) measurements was analyzed by an ASAP2020 analyzer (Micromeritics, USA) at liquid nitrogen temperature.
Electrochemical measurements
The as-prepared SiCN powders were used as the anode materials for lithium ion batteries.
The anode electrodes were fabricated by mixing the powdered active material (untreated SiCN, SiCN-0.2-NaOH, SiCN-0.5-NaOH, SiCN-0.8-NaOH, SiCN-1.0-NaOH and The electrochemical impedance (EIS) was conducted by an electrochemical workstation (CHI 604E, Chenhua Corp., Shanghai, China) with the frequency range from 10 mHz to 100 KHz. All the tests were performed at room temperature.
Conclusion
The 
